In this era of individualized cancer treatment, data that could be applied to predicting the survival of patients with osteosarcoma are still limited because of the rarity of the disease and the difficulty in accumulating a sufficient number of patients. Therefore, a multi-institutional collaboration was implemented to develop and externally validate nomograms that would predict metastasis-free survival (MFS) and overall survival (OAS) for patients with nonmetastatic osteosarcoma. METHODS: This study retrospectively examined 1070 patients treated with neoadjuvant chemotherapy and surgery for nonmetastatic osteosarcoma. Data from Japanese patients (n 5 557) were used to develop multivariate nomograms based on Cox regression. Six clinical and pathologic variables were built into nomograms estimating the probability of MFS and OAS 3 and 5 years after diagnosis. The model was internally validated for discrimination and calibration with bootstrap resampling and was externally validated with an independent patient cohort from Korea (n 5 513). RESULTS: A patient's age, tumor site, and histologic response were found to have a stronger influence on MFS and OAS in the model than sex, tumor size, or pathologic fracture. The nomograms and calibration plots based on these results well predicted the probability of MFS (concordance index, 0.631) and OAS (concordance index, 0.679). The concordance indices for external validation were 0.682 for MFS and 0.665 for OAS. CONCLUSIONS: The nomograms were externally validated and verified to be useful for the prediction of MFS and OAS and for the assessment of the postoperative prognosis. They can be used for counseling patients and for establishing appropriate surveillance strategies after surgery.
INTRODUCTION
Osteosarcoma, the most common sarcoma of bone, is characterized by the production of immature osteoid by the tumor cells. The long-term survival of osteosarcoma patients has improved dramatically because of the introduction of effective systemic chemotherapy. [1] [2] [3] [4] Recent studies have demonstrated a more favorable outcome, especially for patients with nonmetastatic osteosarcoma. 5, 6 Five-year survival rates of 60% to 80% have been reported for patients receiving intensive multidrug chemotherapy and surgery for aggressive local control. [5] [6] [7] [8] [9] [10] [11] However, despite the recent improvement in survival, a substantial number of patients still develop metastases or suffer tumor-related death, so more accurate identification of patient subgroups with different levels of risk is substantially important.
Clinical staging, such as staging using the American Joint Committee on Cancer classification, 12 which is based on tumor grade and size, skip metastases, and nodal or distant metastasis at the time of diagnosis is reportedly correlated with survival for patients with bone sarcomas. 13 However, in osteosarcoma, other prognostic factors, including patient age, [14] [15] [16] tumor location, 5, 16 pathologic fracture, 17 and responses to preoperative chemotherapy, have been reported to correlate strongly with survival. 5, 16, 18 Therefore, for the prediction of survival after treatment, it would be desirable to consider these factors, and a comprehensive and easy-to-use tool that incorporated all of them and could be used to assess individualized survival would be valuable for decision making.
A nomogram is a graphical depiction of a prediction model that can be used as a statistically based tool for assessing the overall probability of a specific outcome for any individualized patient. In the era of individualized cancer treatment, the use of such a tool for the estimation of survival would be particularly helpful for physicians when they are determining an appropriate interval for follow-up or imaging. To our knowledge, however, data that could be used for developing a nomogram for osteosarcoma patients are still limited. 16, 19 In addition, no externally validated nomogram has been reported to date because of the rarity of the disease and the difficulty in collecting a sufficient number of patients.
Therefore, in the current study, we collected data from a large nationwide cohort of patients with osteosarcoma in Japan to develop nomograms for predicting metastasis-free survival (MFS) and overall survival (OAS) as part of a nationwide research project for the development of a prognostic nomogram for musculoskeletal tumors. In addition, we implemented a multi-institutional collaboration to validate them externally with data from 1 institution in Korea.
MATERIALS AND METHODS

Eligibility
This study was designed as a multi-institutional, cooperative, retrospective study using 11 major referral centers in Japan as a training set (National Cancer Center Hospital, Hokkaido Cancer Center, Chiba Cancer Center, Okayama University, Nagoya University, Keio University, Kanagawa Cancer Center, Osaka National Hospital, Osaka Medical Center for Cancer and Cardiovascular Diseases, Osaka University, and The University of Tokyo Hospital) and 1 major referral center in Korea as a validation set (Korea Cancer Center Hospital). This study was approved by the institutional review board of each hospital.
The inclusion criteria for patients were as follows: 1) a histological diagnosis of high-grade osteosarcoma of the extremity or trunk, 2) no distant metastasis at presentation, 3) being scheduled for neoadjuvant chemotherapy and surgery, and 4) a follow-up period of more than 3 years for survivors. Patients with osteosarcoma of the craniofacial bone, extraskeletal osteosarcoma, or secondary osteosarcoma were excluded. Clinical data, treatment modalities, and treatment outcomes were reviewed retrospectively by reference to the medical records at each institution.
Prognostic Variables
The following data were extracted from 203 patients treated at 3 institutions (National Cancer Center Hospital, Chiba Cancer Center, and The University of Tokyo Hospital): patient age at diagnosis, sex, primary tumor site, maximal tumor size, presence or absence of a pathologic fracture before surgery (ie, at diagnosis and during preoperative chemotherapy), type of surgery (limb salvage surgery, amputation, or rotation plasty), surgical margin (positive or negative), and histologic response to preoperative chemotherapy. The primary tumor sites were classified into 6 categories according to the number of cases: distal extremity, distal femur, proximal tibia/fibula, proximal humerus, proximal femur, and trunk. A distal extremity was defined as any location distal to the knee or elbow joint with the exception of the proximal tibia/fibula (ie, radius, ulna, distal tibia, or hand and foot). The trunk included the pelvic bone, spine, rib, clavicle, sternum, and scapula. A histologic response was assessed by an examination of the resected specimen after surgery, and histologic responses were categorized into 4 groups according to the degree of tumor necrosis after preoperative chemotherapy, as described previously: grade 1 (<50%), grade 2 (50%-89%), grade 3 (90%-99%), and grade 4 (100%). 1 According to the results of the initial analysis, we excluded 2 variables from the analysis: type of surgery and surgical margin. The type of surgery was excluded because no significant difference was seen between the amputation and limb salvage surgery groups (P 5 .120). Surgical margins did not affect MFS and OAS, perhaps because of the extremely small number (n 5 2) of margin-positive cases (MFS, P 5 .616; OAS, P 5 .059). As a result, data for 6 prognostic variables (age, sex, site, size, pathologic fracture, and histologic response to preoperative chemotherapy) were collected from the remaining 8 institutions.
Statistical Analysis
The primary endpoints were the occurrence of 1) distant metastasis and 2) tumor-related death. MFS was defined as the period from the date of diagnosis until the appearance of distant metastasis or until the last follow-up for patients without metastasis. OAS was defined as the period from the date of diagnosis until tumor-related death or until the last follow-up for survivors. Patients without distant metastasis or tumor-related death or patients who died without metastasis or because of other causes were censored at the last follow-up. OAS and MFS were estimated with the Kaplan-Meier method, and comparisons were assessed with the log-rank test. Multivariate analysis was conducted with the Cox proportional hazards model. In univariate and multivariate analyses, differences were considered to be statistically significant at P < .05.
Nomograms
For the development of the multivariate nomograms based on Cox regression, data from 11 major referral centers in Japan (training set) were used (n 5 557). The final regression model was chosen on the basis of the clinical and statistical significance of the predictors. The 3-and 5-year predicted probabilities of each endpoint were calculated for each patient with the Cox regression model underlying the nomogram. The discriminative ability of the nomogram was assessed with the concordance index for purposes of comparison with the literature. The predictive model was internally validated with 200 bootstrap samples to prevent overfitting and obtain a relatively unbiased estimate. Calibration of the nomogram was assessed via the plotting of the observed probabilities against the 3-and 5-year nomogram-predicted MFS and OAS. The model was externally validated with data from 1 institution from Korea (validation set; n 5 513). The model performance for predicting outcomes was evaluated by the calculation of the concordance index also in calibration and external validation. In external validation, predictive accuracy was also assessed.
All statistical analyses were conducted with IBM SPSS 19.0 (IBM SPSS, Armonk, NY), and the nomogram was built with R 3.0.1 (R Foundation for Statistical Computing, Vienna, Austria) with the rms library.
RESULTS
During the whole period of 1990-2010, we identified 1270 eligible patients who met the inclusion criteria. Among these patients, we excluded those for whom any data were missing with respect to the age at diagnosis, sex, tumor site, maximum tumor size, presence or absence of any pathologic fracture before surgery, and histologic response to preoperative chemotherapy; for example, patients who underwent reconstruction with a devitalized autograft and whose histologic response to preoperative Original Article chemotherapy was not able to be evaluated were excluded. Consequently, we included 1070 patients (557 in the training set and 513 in the validation set) who had a complete set of data for prognostic variables. Among these patients, the chemotherapy regimen in the Japanese cohort was based on a protocol composed of methotrexate, doxorubicin, and cisplatin (MAP) or MAP plus ifosfamide. 20, 21 The majority of the patients in the Korean cohort were treated with MAP. 22 The clinicopathologic characteristics of the training set and validation set are summarized in Table 1 . The mean follow-up period was 94 months (range, 12-291 months). Distant metastasis and tumor-related death occurred in 206 patients and 114 patients, respectively. The 3-and 5-year MFS rates for all patients were 69% and 64% (Fig. 1A) , respectively. The 3-and 5-year OAS rates for the patients overall were 87% and 82% (Fig. 1B) , respectively. The univariate associations of the various factors with MFS and OAS rates determined via KaplanMeier plots are shown in Supporting Figures 1 and 2 , respectively (see online supporting information). On the basis of these results, we developed nomograms that visually depicted the multivariate impact of each variable with the Cox regression model. The nomograms were able to predict MFS ( Fig. 2A) and OAS (Fig. 2B) 
DISCUSSION
Recently, nomograms have become widely accepted as models for risk prediction in cancer because they can provide an appreciation of the magnitude of the impact of individual factors on outcome probability, in that they are more predictive than the conventionally used American Joint Committee on Cancer stage alone. 23 However, few data that could be applied to a prognostic nomogram for sarcoma have been available, 24 especially with respect to bone sarcoma, because of its rarity and the difficulty in collecting a sufficient number of cases. 16, 19 In the current study, we developed and validated multivariate nomograms internally and externally that incorporated several commonly evaluable factors simultaneously to allow individual estimations of 3-and 5-year MFS and OAS for patients with nonmetastatic osteosarcoma treated by surgery and chemotherapy with curative intent. This model uses many of the discrete factors that have been shown to affect risk, and it combines them into a user-friendly calculation tool.
It is not unusual for musculoskeletal oncologists to encounter patients who develop distant metastasis or suffer tumor-related death even though they receive identical definitive treatment, and the ability to identify such higher risk patients would undoubtedly be valuable. To date, however, quantitative data that could be useful for this purpose have been lacking, and currently, there is ongoing controversy regarding the appropriate timing of follow-up because of the dilemma of avoiding unnecessary frequent imaging tests versus any resulting delay in the detection of distant metastasis, which may ultimately lead to tumor-related death. However, it cannot be denied that the appropriate timing of follow-up and the planning of imaging tests should be stratified according to the degree of risk in individual patients. Our nomograms make it easier to derive individualized predictions of patient outcome; they allow physicians to recognize the risk of distant metastasis or tumor-related death after treatment and provide a more informative explanation for their patients. To date, only 2 prognostic nomograms for osteosarcoma have been available. 16, 19 The first nomogram was designed to predict the 5-year probability of metastasis after neoadjuvant chemotherapy and surgery; it was based on 365 patients with nonmetastatic osteosarcoma treated at a single center. It stratified the patients into 108 risk groups on the basis of 4 variables: age at diagnosis (3 categories), primary tumor site (3 categories), tumor size (3 categories), and histologic response to chemotherapy (4 categories). 16 The second nomogram was designed to predict the 5-year probability of metastasis after neoadjuvant chemotherapy and limb salvage surgery; it was based on 91 patients with stage IIB osteosarcoma treated at a single center. It stratified the patients into 16 risk groups on the basis of 4 variables: serum alkaline phosphatase (ALP) level at diagnosis (2 categories), primary tumor site (2 categories), presence or absence of joint invasion of the tumor (2 categories), and histologic response to chemotherapy (2 categories). 19 Although they are brief instruments and easy to use, a nomogram that has the potential Figure 2 . Nomogram predicting the probability of (A) distant metastasis and (B) overall survival at 3 and 5 years. The patient's value for each variable is plotted on the appropriate scale, and vertical lines are drawn to the line of points to obtain the corresponding scores. All scores should be summed to obtain the total point score. The total point score on the total point line is plotted, and a vertical line is drawn down to the bottom line. The corresponding value shows the predicted probability of distant metastasis or death.
to predict the outcome in more detail on the basis of a larger number of patients would be more ideal.
The current nomograms appear to have several differences and advantages resulting from their higher statistical power in comparison with the previously reported nomograms. 16, 19 First, they enable more detailed prediction by incorporating a greater number of important factors and dividing patients into 768 risk groups based on 6 variables: age at diagnosis (4 categories), sex (2 categories), primary tumor site (6 categories), tumor size (2 categories), histologic response to chemotherapy (4 categories), and presence or absence of pathologic fracture (2 categories). Second, the higher statistical power in our series enabled us to classify the primary tumor site in a more detailed manner. Because the location of a tumor, such as a proximal extremity versus a distal extremity, is known to be a significant factor associated with prognosis, this characteristic should be dichotomized, even for the same bone. Third, we were able to incorporate the presence of pathologic fracture, one of the potentially important factors affecting prognosis, into the nomograms. Although to date the impact of pathologic fracture has been controversial in previous large series, [25] [26] [27] we have shown that pathologic fracture is significantly associated with both MFS and OAS. Fourth, prognosis stratified by age was treated differently. In our series, we confirmed that OAS and MFS were poorest in patients who were 40 years old or older, and this was consistent with the widely accepted concept that elderly patients with osteosarcoma have a poorer outcome than younger patients. 15, 28 This trend may have resulted from the intensity of the chemotherapy employed. Fifth, although it is commonly recognized that tumor size is a strong prognostic indicator, it had a weaker impact than expected on OAS and MFS in comparison with other variables. These results were concordant with the previously reported nomogram. 16 Among the possible reasons for this, the tumor size at diagnosis may have a weaker impact than the tumor size at the time of surgery because osteosarcoma is sensitive to chemotherapy. Another reason may be that extremely large tumors (>15 cm) were rare in our series; the median size was 9.0 cm (interquartile range, 7.0-12.0 cm). In addition, these results should be interpreted carefully because of the relatively wide 95% CI for OAS for age and tumor site, which may have biased the results. Sixth, although female sex hormones have been reported to be associated with a better prognosis in vitro, 29 no previous reports have demonstrated this in an actual large patient cohort. In our series, males had statistically significantly worse survival than females. Finally, there have been no externally validated prognostic nomograms for osteosarcoma, and our nomograms are the first to be externally validated with an independent patient cohort.
There were several limitations to the current study. First, it was performed with retrospective data, and we were unable to determine the decision process for treatment because we extracted data only for patients with musculoskeletal sarcoma treated surgically. Therefore, the indications for surgery may have differed among the participating hospitals, and this could have resulted in a selection bias. We sought to overcome this potential problem by collecting the largest number of cases possible. Second, although our nomograms were developed with data from the largest cohort accumulated so far, it may be necessary to collect many more patients for a nomogram predicting OAS with fewer endpoints versus a nomogram for MFS. This led to a relatively wide 95% CI for OAS. Third, our nomograms used information that became available only after surgical treatment. Although the nomograms may be predictively accurate, they cannot be used for patients requiring preoperative prognosis-based decisions regarding tumor resectability or nonresectability when severe functional deterioration is likely, as is frequently the case for osteosarcoma of the spine or pelvis. This may be the reason that patients with truncal tumors had better outcomes than expected. Fourth, we did not include certain major prognostic factors, such as the level of ALP or lactate dehydrogenase (LDH). 30 The first reason for this was that ALP or LDH data were not available for some patients, so the inclusion of these markers would have led to lower statistical power. The second reason was that the levels of ALP and LDH were sometimes measured with different methods, and the standard values used among the hospitals differed. Therefore, considering the nature of this multi-institutional study, we felt it necessary to omit the data for ALP and LDH. However, it is likely that the inclusion of these serological markers or known molecular markers such as P-glycoprotein, 31 CXCR4, 32 and ezrin 33 would improve the predictive ability of future nomograms. Fifth, the trunk cases had better outcomes than expected (better than proximal humerus cases) with respect to MFS. The first possible reason is that the trunk category is too all-inclusive (being composed of the pelvic bone, spine, rib, clavicle, sternum, and scapula), and this heterogeneity of the category may be associated with the unexpected result. Another reason for this unexpected result is advanced pelvic or spine cases, which were not able to be indicated radical surgery, may have been excluded from the current cohort, and such a selection bias might be responsible for the unexpected result. Finally, although our nomograms were reliable with relatively good concordance indices for external validation, further external validation using a cross-racial patient cohort or prospectively collected data in the future will also increase model reliability.
In conclusion, on the basis of the largest patient cohort reported so far, we have created useful nomograms for the prediction of MFS and OAS for patients with nonmetastatic osteosarcoma, and we have externally validated them with an independent patient cohort. These nomograms use only common and readily available variables for the accurate prediction of survival, and they offer an improvement over current osteosarcoma staging, as demonstrated by adequate nomogram discrimination and calibration, and more dynamic and robust risk stratification. This tool can be used for patient counseling and for establishing appropriate surveillance strategies after surgery. 
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